Membrane nanotubes (MNTs), thin tethers with a diameter of 50\~200 nm between neighboring cells or remote cells, have been identified in various types of cells, including neuronal cells, immune cells, and epithelial cells[@b1][@b2][@b3][@b4][@b5]. MNTs have been estimated as an efficient mode of long-range cell-cell communication, especially for the transfer of electrical calcium-mediated signals[@b6][@b7], the transport of intracellular cargos[@b8][@b9], and the transmission of bacteria, virus, and prion[@b10][@b11]. Viruses, such as human immunodeficiency virus (HIV) and murine leukemia virus (MLV), have been demonstrated to induce the MNTs formation by drawing actin-rich filopodial protrusions[@b12][@b13]. Vaccinia virus (VACV), a member of *Orthopoxvirus* with a large DNA genome, has been reported that it can induce susceptible cells to produce long filopodia or protrusions[@b14]. So, we wondered if VACV can promote MNTs formation. To test this hypothesis, we studied the VACV-host interaction by monitoring the morphology change of VACV-infected cells in this report.

Nevertheless, Fragile MNTs are very sensitive to mechanical stress and light[@b2]. These features impel us to create a controllable cell culture microenvironment for the reliable quantitative determination of MNTs. Microfluidics is an effective technique to control physical and chemical environment of mammalian cells due to the comparable size of microchannel to cell, the high-throughput analysis ability[@b15][@b16][@b17], and the powerful integration capacity with fluidic, electric, optic, and magnetic fields[@b18][@b19][@b20]. Virus-host interactions have been investigated on microfluidic chips. A microgrooved substrate to guide cell alignment has been fabricated to mimic the extracellular matrix topography and explore the virus cell-to-cell spread behavior[@b21]. Single PC12 cells have been patterned orderly on biofunctionalized gold microstructures to analyze the influence of cell spacing and alignment to the formation of MNTs[@b22]. Optical tweezers on microfluidic chip were used to pull out MNTs[@b23]. Shear-free microenvironment can be fabricated by designing variable cell culture chambers, such as side chamber or three-dimensional chamber. The infection process of Pseudorabies virus has been monitored *in situ* on a microfluidic chip with three-dimensional cell culture chambers[@b16].

Herein, we integrated the high-throughput side cell culture chambers with a tree-like concentration gradient generation network on a microfluidic chip to monitor the formation of MNTs induced by VACV. The side-chambers supply a shear-free culture circumstance for mammalian cells which is beneficial to decrease the mechanical harm to MNTs. Thus, the analysis of VACV-induced MNTs derived from the microfluidic chip is more reliable. We observed three formation patterns of MNTs, analyzed the change of MNTs characteristic with infection time and virus concentration, and further discussed the physical basis of MNTs formation.

Results and Discussions
=======================

Shear-free culture environment for MNTs
---------------------------------------

MNTs are sensitive to mechanical stress, so we designed a microfluidic chip with side-chambers for cell culture ([Fig. 1A](#f1){ref-type="fig"}). By simulating the fluidic velocity distribution with finite element analysis ([Fig. 1B](#f1){ref-type="fig"}), we estimated the fluidic shear stress in the chamber. The shear stress in the middle line of the chamber (dot black line in [Fig. 1B](#f1){ref-type="fig"}) was shown in [Fig. 1C](#f1){ref-type="fig"}. When setting the velocity in the main channel as 20 μL/h, the maximal shear stress in the main channel was about 0.35 mPa. The shear stress in the side chamber was at the range of 9.8 × 10^−7^ mPa\~1.7 × 10^−10^ mPa and decreased rapidly with the distance departing from the side exit of the main channel. Compared to other chips[@b24][@b25][@b26], the shear stress acting on cells in our chip was negligibly small. Simultaneously, each side-chamber was independent and non-interfering. This created a shear-free culture environment and high-throughput platform for the investigation of MNTs.

Formation patterns of VACV-induced MNTs
---------------------------------------

To study VACV-induced MNTs, MNTs between normal Vero cells was used as control. Virus suspension was injected into the chip for 20 min to ensure that all cells in the chambers were infected. The formation process of VACV-induced MNTs was monitored and classified into three patterns ([Fig. 2](#f2){ref-type="fig"}). Three representative pairs of infected cells were shown in [Fig. 2A](#f2){ref-type="fig"}. For Pattern A, MNTs can be drawn out when two contacted cells or divisive daughter cells move apart. For Pattern B, a protrusion from one cell extends to a nearby cell for the formation of MNT. For Pattern C, two protrusions derived from distinct cells meet randomly and subsequently connect to form MNT.

The ratios of three formation patterns of MNTs were measured ([Fig. 3](#f3){ref-type="fig"}). The result showed that, both in the conditions of VACV infection and control, the ratios of Pattern A, B, and C decreased in order. The ratio of Pattern A in VACV infection was (63.7 ± 1.2)%, down from (95.4 ± 2.4)% in the control condition. The ratio of Pattern B in VACV infection increased from (4.6 ± 2.4)% in control condition to (34.7 ± 2.0)%. Pattern C was not observed between normal cells in the control condition. Among the three Patterns, B and C can be considered as active formation, while A is passive formation.

MNTs elongation with cell migration
-----------------------------------

The structure of MNTs is dynamic and varies with surrounding circumstances[@b1]. It was found that some VACV-induced MNTs elongated remarkably with the infection process ([Fig. 4A](#f4){ref-type="fig"}). The length of MNTs at different hours of post infection (hpi) was measured to estimate the elongation ([Fig. 4B](#f4){ref-type="fig"}). The length of MNTs was divided into three ranges: 30--50 μm, 50--100 μm, and \>100 μm. Before infection, (84.3 ± 0.6)% MNTs was in the range of 30--50 μm and all MNTs length was less than 100 μm. The ratio of long MNTs increased and the ratio of short MNTs decreased with infection time. At 26 hpi, the ratio of MNT length in the range of 30--50 μm was reduced to (37.5 ± 1.0)%, and the ratio of \>100 μm MNT reached to (15.9 ± 0.4)%.

In the above discussion of MNTs formation pattern, the formation of MNTs is closely related with the behavior of cell migration. VACV infection can result in cell motility, which is driven by the polymerization and depolymerization of actin within filopodia and lamellipodia[@b14][@b27]. The migration distance of infected cell was divided into four ranges: 0--15 μm, 15--20 μm, 20--50 μm, and \>50 μm ([Fig. 4C](#f4){ref-type="fig"}). For the control experiment, most of the cells, about (84.1 ± 3.9)%, migrated within the range of 0--15 μm. For the VACV infection experiment, the ratios of migration distance in the four ranges were (24.3 ± 2.1)%, (16.7 ± 0.5)%, (38.2 ± 2.7)%, (20.8 ± 3.6)%, respectively. The result showed that infected cells migrated longer than normal cells. The proportion of migrated cells with MNTs ([Fig. 4D](#f4){ref-type="fig"}) showed that the ratio of cells with MNTs was positively correlated with the distance of cell migration. These results suggested that the elongation of VACV-induced MNTs was caused by cell migration.

Some studies proved that the growth and stability of MNTs is closely related with actin filaments[@b28][@b29]. Growing actin filaments push the MNTs outward and search for the surrounding environment. Previous studies showed that VACV infection induces the rearrangement of actin network[@b30][@b31]. We labeled F-actin with fluorescent phalloidine and found that VACV-induced MNTs were rich of F-actin. The depolymerization of actin fibers in Vero cells was observed early in infection ([Fig. 5](#f5){ref-type="fig"}) as previously presented in PtK2 cells[@b30]. As a component of cytoskeleton to support cellular mechanical property, the disappearance of actin fibers across the cell made the plasma membrane more flexible. Thus, more protrusions would appear in VACV-infected cells and further actively search for target cells for the formation of MNTs.

Effect of virus concentration on MNTs
-------------------------------------

To evaluate the influence of virus concentration on the formation of MNT, we used the microfluidic chip to generate different virus concentrations. [Figure 6A and B](#f6){ref-type="fig"} showed the changes of cell morphology in the chambers of List 2 with the virus titer of 1.4 × 10^5^ PFU/mL and in the chambers of List 8 with the virus titer of 1.0 × 10^6^ PFU/mL. With the increase of virus concentration, more protrusions and MNTs were drawn out. In List 2, cells changed their morphology gently with infection time and long MNTs began to form at about 10 hpi. In List 8, cells began to produce protrusions as early as 1 hpi and MNTs were observed at 4 hpi.

The ratios of cells with MNTs after VACV infection at different titers were measured ([Fig. 6C](#f6){ref-type="fig"}). Cells in List 1 were negative control as there is no virus in this list. The ratio of cells with MNTs was in the range of 10%\~15% in the control condition, which is less than the infected cells. For infected cells, the ratio of cells with MNTs initially increased with infection time, then reached a peak, and decreased soon afterwards. The peak values at different virus concentration were almost the same, about 30%. But the time to reach the peak varied with virus concentration. When the virus concentration increased, the time to reach the peak gradually became early ([Table 1](#t1){ref-type="table"}). This is because one cell can be infected by multiple virus particles when virus titer is high enough and host cells respond to virus invasion rapidly. These results suggested that the phenotype of VACV-induced MNTs was significantly influenced by virus titer.

Conclusions
===========

Here, we reported the formation of MNTs induced by VACV on a high-throughput microfluidic chip. The side-chamber on the chip supplied a shear-free microenvironment for the host cell to avoid the mechanical stress. MNTs were observed to form between infected cells trough three patterns: two contacted cells move apart (Pattern A), or protrusions from one cell extend towards another remote cell (Pattern B), or two protrusions from distinct cells occasionally encounter and connect (Pattern C). Compared with normal cells, the ratio of Pattern B and C between infected cells increased and the ratio of Pattern A decreased. Simultaneously, MNTs were elongated with the motility of infected cells and the infection time. The length of MNTs was positively correlated with cellular migration distance. We discussed the physical basis of MNTs formation. Cellular actin filaments were responsible for the formation and stability of MNTs. Furthermore, the characteristic of MNTs was influenced by the concentration of VACV. When the virus titer was enhanced, the appearance of MNTs and the highest ratio of cells with MNTs became earlier. The highest ratio of MNT-carried cells was approximately the same at different virus concentrations. Overall, this work presents evidence in favor of VACV-induced formation of MNTs, which provide further insight into the mechanism of virus transmission.

Materials and Methods
=====================

Chip design and fabrication
---------------------------

A tree-like microchannel network and an array of side-chamber for cell culture was combined on a microfluidic chip ([Fig. 1A](#f1){ref-type="fig"}). There were 320 square cell culture chambers (length × width: 500 μm × 500 μm) on the chip for high throughput analysis, with 40 chambers on each channel.

The microfluidic chip was fabricated by the standard soft lithography method. First, the AZ50XT photoresist was spin-coated on a silicon wafer at a speed of 1200 rpm. After exposure with a mask under UV light, the photoresist was developed in an AZ developer to obtain the designed mould. Polydimethylsiloxane (PDMS) prepolymer and curing agents were mixed at a ratio of 10:1 (w/w). And then the degassed PDMS was poured onto the mould for further curing at 75 °C. The solid PDMS was peeled off and irreversibly sealed with a glass slide after plasma treatment.

Simulation of fluid velocity filed in the microfluidic chip
-----------------------------------------------------------

The fluid velocity field was simulated with Comsol Multiphysics software (version 4.0). The basic assumption of the theoretical model and the evaluation of shear stress were presented as follows.

The chip was simplified to be two-dimensional and the fluid was assumed to be laminar and incompressible Newtonian fluid. Accordingly, the Navier--Stokes equations, [eqs (1](#eq1){ref-type="disp-formula"}) and ([2](#eq2){ref-type="disp-formula"}), were used to solve the velocity distribution. A no-slip boundary condition at the inner wall of the chamber and zero outlet pressure were taken into consideration.

where V is the velocity vector (m · s^−1^), P is the pressure (Pa), and *μ*/*ρ* is the kinematic viscosity (m^2^ · s^−1^). The working fluid was assumed to be water (a homogeneous, incompressible, Newtonian fluid; density 1.0 × 10^3^ kg · m^−3^, dynamic viscosity 1.0 × 10^−3^ Pa · s).

For 2D Poiseuille flow, the shear stress at the wall (τ~wall~, dyn·cm^−2^) can be estimated simply by [equation (3)](#eq3){ref-type="disp-formula"}, which derives from the Navier--Stokes equations.

where Q is the flow rate (m^3^·s^−1^), μ is the fluid viscosity (kg·m^−1^·s^−1^), and *w* and *h* are the channel width and height (m), respectively.

Cell culture and virus infection
--------------------------------

African green monkey kidney cells (Vero cells) were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Gibco) with 10% fetal bovine serum (FBS, Gibco)(named as culture medium). Vero cell suspension (5.0 × 10^5^ cell/mL) was injected into the microfluidic chip and 20\~40 cells were captured in each chamber. Then, the microfluidic chip was settled in an incubator with 5% CO~2~ overnight to cultivate the cells. A recombinant vaccinia virus (VACV) expressing green fluorescent protein (GFP) was kindly supplied by Wuhan Institute of Virology (Chinese Academy of Sciences, Wuhan, China). All experiments about virus were performed in DMEM with 2% FBS (named as maintenance medium).

To explore the formation pattern and length distribution of VACV-induced MNTs, virus suspension (1.0 × 10^6^ PFU/mL) was injected from the single inlet near the cell culture region at a flow rate of 0.5 μL/min and maintained for 20 min. Injected virus suspension was incubated at 37 °C for 2 hours. After the virus incubation, fresh maintenance medium was perfused into the chip. Cells without virus infection were used as the control experiment.

To explore the effect of different virus concentrations on the formation of MNTs, the virus suspension and maintenance medium were perfused into the microfluidic device from the two inlets near the microchannel region, respectively. According previous studies[@b32], setting the highest virus concentration in List 8 as C, the theoretical virus concentrations from list 1 (L1) to list 8 (L8) were 0, 1/7C, 2/7C, 3/7C, 4/7C, 5/7C, 6/7C and C, respectively.

Dye staining and immunofluorescence labeling
--------------------------------------------

To visualize actin cytoskeleton, immunofluorescence experiments were performed as follows. First, cells were washed with phosphate buffered saline (PBS) for 3 times and fixed with 4% (w/v) paraformaldehyde for 15 min. Then, the cells were exposed in PBS with 0.01% Triton X-100 and 5% BSA for 30 min. Subsequently, Alexa Fluor^®^ 568 phalloidin (EX/EM = 578 nm/600 nm, Invitrogen, USA) was added to label F-actin at room temperature for 20 min. Then, cellular nucleus was stained with 5 μg/mL Hoechst 33342 (Invitrogen) at room temperature for 10 min. To observe the rearrangement of actin cytoskeleton, vaccinia virus (VACV) was added to cells at the MOI of 10. F-actin was stained as the above description at 0 hpi (hours of post infection), 6 hpi, and 18 hpi.

Cell imaging and statistical analysis
-------------------------------------

Cells were imaged at certain time intervals after VACV infection by an inverted microscopy (TE2000-U, Nikon, Japan) with a CCD camera (Retiga 2000R, Qimaging, Canada). Image Pro-plus software (Version 6.2) was used to measure the length of MNTs. To acquire behaviors of cell migration with/without VACV infection, the images of cell culture chambers were converted to bitmap. Each cell was given a relative coordinate corresponding to the top left corner (0, 0). To minimize the errors resulting from cell spread, we chose the center of cell nuclear as labeling location coordinate as shown in [Fig. 7](#f7){ref-type="fig"}. The distance of cell migration was calculated by analyzing the variation of cell coordinate. All results were from three parallel experiments.
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![Schematic diagram of the microfluidic chip and the simulation of fluid velocity field in the chip channel.\
(**A**) The microfluidic chip was composed of a tree-like microchannel network and eight microchannel lists with side-chamber. The chamber (500 μm × 500 μm) was connected with main channel through a narrow channel (50 μm). (**B**) Simulated velocity field in the channel and chamber. (**C**) Shear stress in the middle line of the chamber (dot black line in **B**). The shear stress in the chamber was much lower than that in the main channel.](srep44835-f1){#f1}

![Formation patterns of MNTs.\
(**A**) Three pairs of cells with MNTs formed through the three distinct patterns. The first group of images showed that MNT formed when two adjacent cells move apart (Pattern A). The second group of images showed the formation of MNT through a protrusion. The third group of images showed that MNT formed when two protrusions from two distinct cells meet randomly and connect. Scale bars, left column, 20 μm; middle column top row, 20 μm, bottom row, 5 μm; right column top row, 30 μm, bottom, 10 μm. (**B**) Schematic diagram of MNTs formation pattern.](srep44835-f2){#f2}

![Ratio of each formation pattern of MNTs between infected cells and normal cells (control condition).](srep44835-f3){#f3}

![MNTs elongation and cell migration.\
(**A**) MNTs between infected cells were elongated with infection time. (**B**) Distribution of MNTs length with infection time. MNTs length was divided into three ranges: 30--50 μm, 50--100 μm, and \>100 μm. The ratio of long MNTs increased with infection time. (**C**) Ratio of migrated cell when cells were infected by VACV compared with normal cells (control). The three ranges represented the distance of cell migration. (**D**) The relationship of cell migration distance and ratio of cells with MNTs.](srep44835-f4){#f4}

![Rearrangement of actin network in Vero cells with VACV infection.\
F-actin component was labeled with Alexa Fluor^®^ 568 phalloidin (red). (**A**) Long and thick actin fibers were across the whole cell in normal Vero cells. (**B**) Actin fibers disappeared and short actin filaments appeared at 6 hpi in VACV-infected cells. (**C**) Actin filaments were still dispersive and the shape of infected cells was changed into round at 18 hpi. (MOI = 10).](srep44835-f5){#f5}

![Influence of virus concentrations on MNTs formation.\
(**A**) and (**B**) were images of cell morphology with infection time at L2 (virus titer was 1.4 × 10^6^ PFU/mL) and L8 (virus titer was 1.0 × 10^6^ PFU/mL), respectively. (**C**) Ratio of cells with MNTs varies with virus titer and infection time. The titers of virus at L2, L3, L4, L5, L6, L7 and L8 were 1.4 ×1 0^5^ PFU/mL, 2.9 × 10^5^ PFU/mL, 4.3 × 10^5^ PFU/mL, 5.7 × 10^5^ PFU/mL, 6.9 × 10^5^ PFU/mL, 8.6 × 10^5^ PFU/mL, 1.0 × 10^6^ PFU/mL, respectively. As a control condition, there was no virus at L1.](srep44835-f6){#f6}

![Relative coordinates for labeling cell location.\
(**A**) and (**B**) showed cells infected by VACV for 3 hours and 7 hours, respectively. (**C**) and (**D**) showed normal cells at 3 hour and 7 hour after the observation begins. Each cell was given a relative coordinate, so cell migration distance was calculated by measuring the variation of coordinates. Scale bar: 100 μm.](srep44835-f7){#f7}

###### MNTs variation with virus concentration.

  List No    Virus concentration (PFU/mL)   Highest ratio of cell with MNTs (%)   Time to reach the highest ratio of cell with MNTs (hpi)
  --------- ------------------------------ ------------------------------------- ---------------------------------------------------------
  L1                      0                            13.34 ± 0.56                                         ---
  L2                 1.4 × 10^5^                       33.66 ± 1.50                                         26
  L3                 2.9 × 10^5^                       33.06 ± 1.85                                         14
  L4                 4.3 × 10^5^                       30.33 ± 2.01                                         10
  L5                 5.7 × 10^5^                       28.79 ± 1.96                                         10
  L6                 7.1 × 10^5^                       30.44 ± 0.99                                          7
  L7                 8.6 × 10^5^                       30.63 ± 1.63                                          3
  L8                 1.0 × 10^6^                       32.89 ± 2.34                                          3
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